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Abstract: 
Sensing technologies have been under research and development for their varied applications from 
microelectronics to space exploration. With the end of Moore’s law in sight, there is growing demand for 
shrinking materials and improving sensitivity and range of sensing of sensors. Carbon nanotubes (CNTs) 
offer an excellent combination of small size (in the order of nanometers in two dimensions and micrometers 
in the third dimension), varied current conductivity (from insulating to metallic), flexibility, mechanical 
strength and feasibility of mass production. Here we used CNTs to fabricate pressure sensors to sense static 
loads of pressure and studied the characteristics of different methods of building the sensors. We offer an 
adhesive-absorption technique of fabrication of pressure sensors that tackles the issue of endurance of the 
sensors to repeated operation. We demonstrate a significant change in resistance of a vertically aligned 
forest of nanotubes upon application of static loads. This study will enable building of better pressure 
sensors for several applications. 
The extreme efforts in advancing Moore’s law is accompanied by demands to discover new materials that 
can perform better functions in terms of computation and responsive systems. One important such system 
is pressure sensor. Carbon nanotubes (CNTs) have paved way for realizing nanotechnology at the system 
level due to their early discovery relative to other nanomaterials. This has led to several research efforts in 
building sensing systems with CNTs. There are many problems that need to be addressed before CNTs 
become a routinely used material for pressure sensing. Among the issues faced are: low endurance to 
repeated operation of the pressure sensor, lack of sensing capabilities, uncertainty on techniques to grow 
dense CNTs and issues related to signal processing of the measured electrical signal. Here we grew dense 
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CNT forests of vertically aligned CNTs and transferred them onto a flexible substrate, namely kapton. We 
show that the pressure sensing capabilities of the CNT forest is consistent and excellent in terms of 
endurance, signal levels and simplicity of construction. 
We grew a dense forest of vertically aligned CNTs using Al+Fe thin films as catalysts, as described in our 
earlier work. Following this, we used our earlier described technique of transferring the forest of CNTs 
onto flexible substrates. Kapton was the best choice for adhesion and stiction. Using a high temperature 
processing, we annealed the transferred films at 600 K for 2 hours to improve adhesion. This was followed 
by vacuum baking to remove moisture. The setup to sense pressure is displayed in Figure 1. The pressure 
is applied on the top of the vertically aligned CNT forest. The electrical resistance of the forest is read using 
two leads connecting the two sides of the forest. About 1 cm x 1cm area was chosen to perform the 
experiments. Pressure was applied using a variety of static weights and a disc approximately the size equal 
to the area of the patch of CNTs to equally distribute the pressure across the entire area. We expected the 
CNTs to bend and hence produce a change in resistance, which could be read by the electrical leads from 
either sides of the system. Thus we measured only the in-plane resistance of the forest of CNTs and as we 
will show later, this was an effective way of sensing the highest possible signal from this setup. 
 
Figure 1: SEM image of the CNT forest; height of the CNTs being 0.16 mm. Also shown is the configuration for 
pressure sensor using the CNT layer. ‘+’ and ‘-’ indicate the points across which the resistance was read. 
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The first configuration involved testing of the pressure sensing capabilities of the CNT forest on top of the silicon 
wafer on which it was originally grown (without any transfer). For applied pressure, the response of the resistance of 
the CNT forest is displayed in Figure 2. The pressure indicated here is measured in arbitrary units in view of the fact 
that the area of the CNT patch can be arbitrarily define and the size of the pressure disc can also be arbitrarily defined. 
It is seen that as pressure increases, the resistance of the film decreases. This can be intuitively understood by 
considering the additional crowding effect faced by the CNT forest upon application of a pressure from the top of the 
CNT forest. As pressure is applied, the CNTs are bound to bend and near the position of the bend, the neighboring 
CNTs are forced closer to one another. This creates a more continuous electrical conduction pathway, thereby reducing 
the resistance of the films. The ratio of change in resistance is approximately 2. While this is not very high, it was 
very repeatable. 
 
Figure 2: Response of CNTs on Si substrate to pressure. 
 
The second configuration involved transfer of CNTs without using an adhesive onto kapton substrate. The rest of the 
transfer process remained identical to the one described in the previous paragraph. For applied pressure, the response 
of the resistance of the CNT forest is displayed in Figure 3. As before, the pressure is defined by arbitrary units for 
similar reasons described above. It is seen that, similar to the previous case of pressure sensing using a forest of CNTs 
on silicon wafer, the electrical resistance decreases as pressure is increased. The ratio of resistance change is much 
worse compared to the case of CNT forest on silicon wafer. 
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Figure 3: Response of CNTs on kapton substrate without adhesive to pressure. 
One of the important issues with the pressure sensing was repeatability of the measurement. The first time 
pressure is applied, the electrical response to the pressure is significant, while the subsequent times, it is 
not significant. In order to correct this issue, we used an adhesive absorption technique, where we pour 
adhesive on top of the CNT forest such that the adhesive will get absorbed into the CNT forest and also get 
dried inside the forest. Id the adhesive is chosen in such a way that the dried form has significant elastic 
limits and elasticity, the forest can ‘spring back’ every time it is pressurized. Figure 4 is a depiction of this 
process in schematics. Upon complete absorption of the adhesive into the CNT forest, the advantages of 
this approach are: (1) The original alignment of the CNTs are retained upon repeated pressurizing, (2) no 
migration of the CNT forest occurs, (3) No aggregation or agglomeration of the CNT forest occurs, which 
is a common cause of failure of CNT forests and CNT solutions and (4) no voids are present in the CNT 
forest, which are filled by the adhesive.  
Following the addition of the adhesive, we tested a forest of CNTs for pressure sensing. The results are 
displayed in Figure 5. The change in resistance followed a similar trend compared to the ones seen before, 
but the ratio of the change in resistance was much higher (about 6). This increase in ratio of resistance was 
accompanied by increased endurance to repeated cycles of application of pressure. 
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Figure 4: (a) Schematic of adhesive addition to the CNT forest. (b) Schematic of complete adhesive absorption into 
the CNT forest. (c) Schematic of bending of CNTs with applied pressure. 
 
Figure 5: Response of CNTs on kapton substrate with adhesive to pressure. 
 
Following 100 cycles of application of pressure to the CNT forest with adhesive, we imaged the CNT 
forests in a scanning electron microscope to look for features indicating fatigue/damage. Figure 6 displays 
the results of this study. Figure 6a is a SEM image of the CNT forest with adhesive after 100 cycles. This 
shows very little buckling following the pressure application. Figure 6b is a SEM image of the CNT forest 
without adhesive after 100 cycles. There is clear buckling of the forest. This is evidence that explains why 
the CNT forest without adhesive did not offer a high endurance.  
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Figure 6: (a) CNT forest with adhesives after 100 cycles of application of pressure. (b) CNT forest without 
adhesives after 100 cycles of application of pressure. 
As a part of future work, The results with adhesive addition are promising. We could further improve the 
adhesion of the CNTs to the Kapton substrate by using higher temperatures and pressures. Since this method 
has not been tried before, we have a lot of optimization that can be done. The transfer process could also 
involve a patterned metal layer, which forms the patters of the required geometry, for any given application. 
In this case, the nanotubes forests are isolated in smaller islands and are connected by the underlying metal 
itself. This is more like a self assembled circuit, where the active part of the device and interconnects are 
grown/printed in the same process. For better testing, we could use a precision low force testing setup, since 
we do not have one right now. This could be as simple as an AFM or an Omniprobe. While measuring the 
resistance across the length of the CNT layer is done here, it could also be done across the thickness of the 
layers. This will require another couple of metallization steps. 
In conclusion, we demonstrated that we can grow CNT forests on silicon wafers and transfer them onto 
flexible substrates like kapton. This was followed by a demonstration of pressure sensing capability of the 
forests. We showed that addition of adhesives to the forest can greatly improve the endurance of the pressure 
sensing and also the signal levels produced by the experiment. We showed using direct evidence that the 
buckling of the CNT forests under pressure is highly curtailed by the addition of the adhesive. This process 
is likely to aid in large scale production of pressure sensors that will last long. 
International Journal of Sensor Technology 6, 20 (2016) 
 
7 
 
References 
[1] Herbut, I. F., V. Juričić, and O. Vafek, 2008, “Coulomb Interaction, Ripples, and the Minimal Conductivity of 
Graphene,” Phys. Rev. Lett. 100, 046403. 
[2] Hess, K., and P. Vogl, 1979, “Remote polar phonon scattering in silicon inversion layers,” Solid State 
Commun. 30, 807. 
[3] Hikami, S., A. I. Larkin, and Y. Nagaoka, 1980, “Spin-Orbit Interaction and Magnetoresistance in the Two 
Dimensional Random System,” Prog. Theor. Phys. 63, 707. 
[4] Hill, E., A. Geim, K. Novoselov, F. Schedin, and P. Blake, 2006, “Graphene Spin Valve Devices,” IEEE 
Trans. Magn. 42, 2694. 
[5] Hohenberg, P., and W. Kohn, 1964, “Inhomogeneous Electron Gas,” Phys. Rev. 136, B864. 
[6] Hong, X., A. Posadas, K. Zou, C. H. Ahn, and J. Zhu, 2009, “High-Mobility Few-Layer Graphene Field 
Effect Transistors Fabricated on Epitaxial Ferroelectric Gate Oxides,” Phys. Rev. Lett. 102, 136808. 
[7] Kumar, S., 2012, “On the Thermoelectrically Pumped LED,” Stanford University, 
http://large.stanford.edu/courses/2012/ph250/kumar2/ 
[8] Hong, X., K. Zou, and J. Zhu, 2009, “Quantum scattering time and its implications on scattering sources in 
graphene,” Phys. Rev. B 80, 241415. 
[9] Hori, M., and F. Yonezawa, 1975 J. Math. Phys. (N.Y.) 16, 352. 
[10] Katsnelson, M. I., and A. K. Geim, 2008, “Electron scattering on microscopic corrugations in graphene,” Phil. 
Trans. R. Soc. A 366, 195. 
[11] Katsnelson, M. I., F. Guinea, and A. K. Geim, 2009, “Scattering of electrons in graphene by clusters of 
impurities,” Phys. Rev. B 79, 195426. 
[12] Katsnelson, M. I., K. S. Novoselov, and A. K. Geim, 2006, “Chiral tunneling and the Klein paradox in 
graphene,” Nature Phys. 2, 620. 
[13] Kawamura, T., and S. Das Sarma, 1992, “Phonon-scattering-limited electron mobilities 
in AlxGa1−xAs/GaAs heterojunctions,” Phys. Rev. B 45, 3612. 
[14] Kawamura, T., and S. Das Sarma, 1996, “Spatial correlation effect of ionized impurities on relaxation and 
scattering times in high-mobility GaAs heterojunctions,”Solid State Commun. 100, 411. 
[15] Kechedzhi, K., O. Kashuba, and V. I. Fal’ko, 2008, “Quantum kinetic equation and universal conductance 
fluctuations in graphene,” Phys. Rev. B 77, 193403. 
[16] Landau, L. D., and E. M. Lifshitz, 1977, Quantum mechanics, Course in Theoretical Physic 
Vol. 3 (Pergamon, Oxford). 
[17] Landauer, R., 1952, “The Electrical Resistance of Binary Metallic Mixtures,” J. Appl. Phys. 23, 779. 
[18] Amelinckx, S., A. A. Lucas, and Ph. Lambin, 1999a, in The Science and Technology of Carbon Nanotubes, 
edited by K. Tanaka, T. Yamabe, and K. Fukui (Elsevier Science, Amsterdam), p. 14. 
[19] Amelinckx, S., A. A. Lucas, and Ph. Lambin, 1999b, “Electron diffraction and microscopy of 
nanotubes,” Rep. Prog. Phys. 62, 1. 
[20] Gerke, A, Kumar S., Provine, J., Saraswat K., “Characterization of metal-nitride films deposited by the 
Savannah ALD system,” Stanford University. 
[21] Bernaerts, D., X. B. Zhang, X. F. Zhang, S. Amelinckx, G. Van Tendeloo, J. Van Landuyt, V. Yvanov, and J. 
B’Nagy, 1995, “Electron microscopy study of coiled carbon nanotubes,” Philos. Mag. A 71, 605. 
[22] Maultzsch, J., S. Reich, C. Thomsen, H. Requardt, and P. Ordejón, 2004, “Phonon Dispersion in 
Graphite,” Phys. Rev. Lett. 92, 075501. 
[23] McCann, E., 2006, “Asymmetry gap in the electronic band structure of bilayer graphene,” Phys. Rev. B 74, 
161403. 
[24] McCann, E., and V. Fal’ko, 2006, “Landau-Level Degeneracy and Quantum Hall Effect in a Graphite 
Bilayer,” Phys. Rev. Lett. 96, 086805. 
[25] Amelinckx, S., A. A. Lucas, and Ph. Lambin, 1999a, in The Science and Technology of Carbon Nanotubes, 
edited by K. Tanaka, T. Yamabe, and K. Fukui (Elsevier Science, Amsterdam), p. 14. 
[26] Amelinckx, S., A. A. Lucas, and Ph. Lambin, 1999b, “Electron diffraction and microscopy of 
nanotubes,” Rep. Prog. Phys. 62, 1. 
[27] Bernaerts, D., X. B. Zhang, X. F. Zhang, S. Amelinckx, G. Van Tendeloo, J. Van Landuyt, V. Yvanov, and J. 
B’Nagy, 1995, “Electron microscopy study of coiled carbon nanotubes,” Philos. Mag. A 71, 605. 
[28] Bragg, W. L., 1939, “A new kind of “x-ray microscope,” ” Nature (London) 143, 678. 
[29] Bragg, W. L., 1944, “Lightning calculations with light,” Nature (London) 154, 69. 
International Journal of Sensor Technology 6, 20 (2016) 
 
8 
 
[30] Curl, R. F., and R. E. Smalley, 1991, “Fullerenes: The third form of pure carbon,” Sci. Am. 264, 54. 
[31] Aslani, M., Garner, C. M., Kumar, S., Nordlund, D., Pianetta, P., Nishi, Y., 2015, “Characterization of 
electronic structure of periodically strained graphene,” Appl. Phys. Lett. 107 (18), 183507. 
[32] Dekker, C., 1999, “Carbon nanotubes as molecular quantum wires,” Phys. Today 52 (5), 22. 
[33] Ebbesen, T. W., 1994, “Carbon nanotubes,” Annu. Rev. Mater. Sci. 24, 235. 
[34] Ebbesen, T. W., 1996, “Carbon nanotubes,” Phys. Today 49 (6), 26. 
[35] Ebbesen, T. W., and P. M. Ajayan, 1992, “Large-scale synthesis of carbon nanotubes,” Nature (London) 358, 
220. 
[36] Henrard, L., E. Hernández, P. Bernier, and A. Rubio, 1999, “van der Waals interaction in nanotube bundles: 
Consequences on vibrational modes,” Phys. Rev. B 60, R8521. 
[37] Huffman, D. R., 1991, “Solid C60,” Phys. Today 44, 22. 
[38] Iijima, S., 1991, “Helical microtubules of graphitic carbon,” Nature (London) 354, 56. 
[39] Iijima, S., 1994, “Carbon nanotubes,” MRS Bull. 19, 43. 
[40] Krätschmer, W., L. D. Lamb, K. Fostiropoulos, and D. R. Huffman, 1990, “Solid C60: A new form of 
carbon,” Nature (London) 347, 354. 
[41] Tanaka, K., T. Yamabe, and K. Fukui, editors, 1999, in The Science and Technology of Carbon 
Nanotubes (Elsevier Science, Amsterdam). 
[42] Tenne, R., L. Margulis, M. Genut, and G. Hodes, 1992, “Polyhedral and cylindrical structures of tungsten 
disulfide,” Nature (London) 360, 444. 
[43] Zhen, Y., H. Ch. Postma, L. Balents, and C. Dekker, 1999, “Carbon nanotube intramolecular 
junctions,” Nature (London) 402, 273. 
[44] Suhas, K, Sripadaraja, K, 2008, “Mechanical modeling issues in optimization of dynamic behavior of RF 
MEMS switches,” Int. J. Comp. Inform. Syst. Sci. Eng., 221-225. 
[45] Cappelluti, E., L. Benfatto, and A. B. Kuzmenko, 2010, “Phonon switching and combined Fano-Rice effect in 
optical spectra of bilayer graphene,” Phys. Rev. B 82, 041402(R). 
[46] Carbotte, J. P., J. P. F. LeBlanc, and E. J. Nicol, 2012, “Emergence of Plasmaronic Structure in the Near Field 
Optical Response of Graphene,” Phys. Rev. B 85, 201411(R). 
[47] Casiraghi, C., A. Hartschuh, H. Qian, S. Piscanec, C. Georgi, A. Fasoli, K. S. Novoselov, D. M. Basko, and 
A. C. Ferrari, 2009, “Raman Spectroscopy of Graphene Edges,” Nano Lett. 9, 1433. 
[48] Castro, Eduardo V., K. S. Novoselov, S. V. Morozov, N. M. R. Peres, J. M. B. Lopes dos Santos, Johan 
Nilsson, F. Guinea, A. K. Geim, and A. H. Castro Neto, 2007, “Biased Bilayer Graphene: Semiconductor 
with a Gap Tunable by the Electric Field Effect,” Phys. Rev. Lett. 99, 216802. 
[49] Castro Neto, A. H., and F. Guinea, 2009, “Impurity-Induced Spin-Orbit Coupling in Graphene,” Phys. Rev. 
Lett. 103, 026804. 
[50] Castro Neto, A. H., F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, 2009, “The electronic 
properties of graphene,” Rev. Mod. Phys. 81, 109. 
[51] Deshpande, Vikram S., Robert M. McMeeking, and Anthony G. Evans, 2007, “A model for the contractility 
of the cytoskeleton including the effects of Stress-Fibre formation and dissociation,” Proc. R. Soc. A 463, 
787. 
[52] Diamant, H., and D. Andelman, 1996, “Kinetics of surfactant adsorption,” J. Phys. Chem. 100, 13 732. 
[53] Dill, Ken A., and Sarina Bromberg, 2010, Molecular Driving Forces: Statistical Thermodynamics in 
Chemistry and Biology (Garland Publishing, New York). 
[54] Discher, D. E., D. J. Mooney, and P. W. Zandstra, 2009, “Growth factors, matrices, and forces combine and 
control stem cells,” Science 324, 1673. 
[55] Suhas, K, 2010, “Materials and processes in 3D structuration of low temperature cofired ceramics for meso-
scale devices,” Industrial Ceramics, 30(1). 
[56] Discher, Dennis E., Paul Janmey, and Yu-li Wang, 2005, “Tissue cells feel and respond to the stiffness of 
their substrate,” Science 310, 1139. 
[57] Dogterom, Marileen, and Bernard Yurke, 1997, “Measurement of the force-velocity relation for growing 
microtubules,” Science 278, 856. 
[58] Doi, M., 1996, Introduction to Polymer Physics (Oxford University, New York). 
[59] DuFort, Christopher C., Matthew J. Paszek, and Valerie M. Weaver, 2011, “Balancing forces: architectural 
control of mechanotransduction,” Nat. Rev. Mol. Cell Biol.12, 308. 
[60] Duke, T. A. J., 1999, “Molecular model of muscle contraction,” Proc. Natl. Acad. Sci. U.S.A. 96, 2770. 
[61] Eastwood, M., V. C. Mudera, D. A. McGrouther, and R. A. Brown, 1998, “Effect of precise mechanical 
loading on fibroblast populated collagen lattices: Morphological changes,” Cell Motil. Cytoskeleton 40, 13 
International Journal of Sensor Technology 6, 20 (2016) 
 
9 
 
[62] Kumar, S, 2012, “Learning from Solar Cells - Improving Nuclear Batteries,”, Stanford University, 
http://large.stanford.edu/courses/2012/ph241/kumar2/ 
[63] Edwards, Carina M., and Ulrich S. Schwarz, 2011, “Force localization in contracting cell layers,” Phys. Rev. 
Lett. 107, 128101. 
[64] Engler, A., S. Sen, H. Sweeney, and D. Discher, 2006, “Matrix elasticity directs stem cell lineage 
specification,” Cell 126, 677. 
[65] Engler, A. J., C. Carag-Krieger, C. P. Johnson, M. Raab, H.-Y. Speicher, Tang D. W., J. W. Sanger, J. M. 
Sanger, and D. E. Discher, 2008, “Embryonic cardiomyocytes beat best on a matrix with heart-like elasticity: 
scar-like rigidity inhibits beating,” J. Cell Sci. 121, 3794. 
[66] Engler, A. J., M. A. Griffin, S. Sen, C. G. Bonnetnann, H. L. Sweeney, and D. E. Discher, 2004, “Myotubes 
differentiate optimally on substrates with tissue-like stiffness: pathological implications for soft or stiff 
microenvironments,” J. Cell Biol. 166, 877. 
[67] Kumar, S., 2012, “Types of atomic/nuclear batteries,” Stanford University, 
http://large.stanford.edu/courses/2012/ph241/kumar1/ 
[68] Engler, Adam, Lucie Bacakova, Cynthia Newman, Alina Hategan, Maureen Griffin, and Dennis Discher, 
2004, “Substrate compliance versus ligand density in cell on gel responses,” Biophys. J. 86, 617. 
[69] Erdmann, T., and U. S. Schwarz, 2004a, “Stability of adhesion clusters under constant force,” Phys. Rev. 
Lett. 92, 108102. 
[70] Erdmann, T., and U. S. Schwarz, 2004b, “Stochastic dynamics of adhesion clusters under shared constant 
force and with rebinding,” J. Chem. Phys. 121, 8997. 
[71] Erdmann, Thorsten, and Ulrich S. Schwarz, 2012, “Stochastic force generation by small ensembles of myosin 
ii motors,” Phys. Rev. Lett. 108, 188101. 
[72] Eshelby, J. D., 1957, “The determination of the elastic field of an ellipsoidal inclusion, and related 
problems,” Proc. R. Soc. A 241, 376. 
[73] Kumar, S., 2015, “Fundamental limits to Morre’s law”, arXiv:1511.05956, http://arxiv.org/abs/1511.05956 
[74] Eshelby, J. D., 1959, “The field outside of an ellipsoidal inclusion,” Proc. R. Soc. A 252, 561. 
[75] Evans, E., and K. Ritchie, 1997, “Dynamic strength of molecular adhesion bonds,” Biophys. J. 72, 1541. 
[76] Evans, Evan A., and David A. Calderwood, 2007, “Forces and bond dynamics in cell adhesion,” Science 316, 
1148. 
[77] Farhadifar, R., J. C. Roper, B. Algouy, S. Eaton, and F. Julicher, 2007, “The influence of cell mechanics, cell-
cell interactions, and proliferation on epithelial packing,” Curr. Biol. 17, 2095. 
[78] Faust, Uta, Nico Hampe, Wolfgang Rubner, Norbert Kirchgessner, Sam Safran, Bernd Hoffmann, and Rudolf 
Merkel, 2011, “Cyclic stress at mHz frequencies aligns fibroblasts in direction of zero strain,” PLoS One 6, 
e28963. 
[79] Fernandez, P., and A. R. Bausch, 2009, “The compaction of gels by cells: a case of collective mechanical 
activity,” Integr. Biol. 1, 252. 
[80] Fery, Andreas, and Richard Weinkamer, 2007, “Mechanical properties of micro- and nanocapsules: Single-
capsule measurements,” Polymer 48, 7221. 
[81] Filippov, A. E., J. Klafter, and M. Urbakh, 2004, “Friction through dynamical formation and rupture of 
molecular bonds,” Phys. Rev. Lett. 92, 135503. 
[82] Fink, Jenny, et al., 2011, “External forces control mitotic spindle positioning,” Nat. Cell Biol. 13, 771. 
[83] Jayamurugan, G, Vasu, K. S., Rajesh, Y. B. R. D., Kumar, S., Vasumathi, V., Maiti, P. K., Sood, A. K., 
Jayaraman, N., 2011, “Interaction of single-walled carbon nanotubes with poly (propyl ether imine) 
dendrimers,”, J. Chem. Phys. 134, 104507. 
[84] Fletcher, D. A., and P. L. Geissler, 2009, “Active biological materials,” Annu. Rev. Phys. Chem. 60, 469. 
[85] Fletcher, Daniel A., and R. Dyche Mullins, 2010, “Cell mechanics and the cytoskeleton,” Nature 
(London) 463, 485. 
[86] Fletcher, Daniel A., and Julie A. Theriot, 2004, “An introduction to cell motility for the physical 
scientist,” Phys. Biol. 1, T1. 
[87] Friedrich, B. M., E. Fischer-Friedrich, N. S. Gov, and S. A. Safran, 2012, “Sarcomeric pattern formation by 
actin cluster coalescence,” PLoS Comput. Biol. 8, e1002544. 
[88] Kumar, S., 2014, “Mechanisms of Resistance Switching in Various Transition Metal Oxides,” Stanford 
University. 
[89] Tan, John L., Joe Tien, Dana M. Pirone, Darren S. Gray, Kiran Bhadriraju, and Christopher S. Chen, 2003, 
“Cells lying on a bed of microneedles: An approach to isolate mechanical force,” Proc. Natl. Acad. Sci. 
U.S.A. 100, 1484. 
International Journal of Sensor Technology 6, 20 (2016) 
 
10 
 
[90] Tang, Xin, Piyush Bajaj, Rashid Bashir, and Taher A. Saif, 2011, “How far cardiac cells can see each other 
mechanically,” Soft Matter 7, 6151. 
[91] Tawada, Katsuhisa, and Ken Sekimoto, 1991, “Protein friction exerted by motor enzymes through a weak-
binding interaction,” J. Theor. Biol. 150, 193. 
[92] Tempel, M., G. Isenberg, and E. Sackmann, 1996, “Temperature-induced sol-gel transition and microgel 
formation in alpha-actinin cross-linked actin networks: a rheological study,” Phys. Rev. E 54, 1802. 
[93] Thery, Manuel, Andrea Jimenez-Dalmaroni, Victor Racine, Michel Bornens, and Frank Julicher, 2007, 
“Experimental and theoretical study of mitotic spindle orientation,” Nature (London) 447, 493. 
[94] Thery, Manuel, Anne Pepin, Emilie Dressaire, Yong Chen, and Michel Bornens, 2006, “Cell distribution of 
stress fibres in response to the geometry of the adhesive environment,” Cell Motil. Cytoskeleton 63, 341. 
[95] Thompson, D’Arcy Wentworth, 1992, On Growth and Form (Cambridge University Press, Cambridge, 
England). 
[96] Thoresen, Todd, Martin Lenz, and Margaret L. Gardel, 2011, “Reconstitution of contractile actomyosin 
bundles,” Biophys. J. 100, 2698. 
[97] Thoresen, Todd, Martin Lenz, and Margaret L. Gardel, 2013, “Thick filament length and isoform composition 
determine self-organized contractile units in actomyosin bundles,” Biophys. J. 104, 655. 
[98] Kumar, S., 2011, “Energy from radioactivity,” Stanford University, 
http://large.stanford.edu/courses/2011/ph240/kumar2/ 
[99] Kumar, S., 2015, “Atomic Batteries: Energy from radioactivity,” arXiv:1511.07427, 
http://arxiv.org/abs/1511.07427 
[100] Tondon, Abhishek, Hui-Ju Hsu, and Roland Kaunas, 2012, “Dependence of cyclic stretch-induced stress fiber 
reorientation on stretch waveform,” J. Biomech. 45, 728. 
[101] Trappmann, Britta, et al., 2012, “Extracellular-matrix tethering regulates stem-cell fate,” Nat. Mater. 11, 642. 
[102] Trepat, X., L. Deng, S. An, D. Navajas, D. Tschumperlin, W. Gerthoffer, J. Butler, and J. Fredberg, 2007, 
“Universal physical responses to stretch in the living cell,”Nature (London) 447, 592. 
[103] Trepat, X., M. Grabulosa, F. Puig, G. N. Maksym, D. Navajas, and R. Farre, 2004, “Viscoelasticity of human 
alveolar epithelial cells subjected to stretch,” Am. J. Physiol. 287, L1025. 
[104] Trepat, X., F. Puig, N. Gavara, J. J. Fredberg, R. Farre, and D. Navajas, 2006, “Effect of stretch on structural 
integrity and micromechanics of human alveolar epithelial cell monolayers exposed to thrombin,” Am. J. 
Physiol. 290, L1104. 
[105] Trichet, Lea, Jimmy Le Digabel, Rhoda J. Hawkins, Sri Ram Krishna Vedula, Mukund Gupta, Claire 
Ribrault, Pascal Hersen, Raphael Voituriez, and Benoit Ladoux, 2012, “Evidence of a Large-Scale 
mechanosensing mechanism for cellular adaptation to substrate stiffness,” Proc. Natl. Acad. Sci. U.S.A. 109, 
6933. 
[106] Tseng, Qingzong, Eve Duchemin-Pelletier, Alexandre Deshiere, Martial Balland, Herv Guillou, Odile Filhol, 
and Manuel Thry, 2012, “Spatial organization of the extracellular matrix regulates cellcell junction 
positioning,” Proc. Natl. Acad. Sci. U.S.A. 109, 1506. 
[107] Urban, Edit, Sonja Jacob, Maria Nemethova, Guenter P. Resch, and J. Victor Small, 2010, “Electron 
tomography reveals unbranched networks of actin filaments in lamellipodia,” Nat. Cell Biol. 12, 429. 
[108] van Kampen, N. G., 1992, Stochastic Processes in Physics and Chemistry (Elsevier, Amsterdam). 
[109] Veigel, Claudia, Justin E. Molloy, Stephan Schmitz, and John Kendrick-Jones, 2003, “Load-dependent 
kinetics of force production by smooth muscle myosin measured with optical tweezers,” Nat. Cell Biol. 5, 
980. 
[110] Verkhovsky, A. B., and G. G. Borisy, 1993, “Non-Sarcomeric mode of myosin II organization in the 
fibroblast lamellum,” J. Cell Biol. 123, 637. 
[111] Vianay, B., J. Kafer, E. Planus, M. Block, F. Graner, and H. Guillou, 2010, “Single cells spreading on a 
protein lattice adopt an energy minimizing shape,” Phys. Rev. Lett. 105, 128101. 
[112] Kumar, S., Esfandyarpour, R., Davis, R., Nishi, Y., 2014, “Surface charge sensing by altering the phase 
transition in VO2,” Journal of Applied Physics 116, 074511. 
http://scitation.aip.org/content/aip/journal/jap/116/7/10.1063/1.4893577 
[113] Kumar, S., Esfandyarpour, R., Davis, R., Nishi, Y., 2014, “Charge sensing by altering the phase transition in 
VO2,” APS March Meeting Abstracts 1, 1135. 
[114] Vilfan, Andrej, and Thomas Duke, 2003, “Instabilities in the transient response of muscle,” Biophys. J. 85, 
818. 
[115] Vliegenthart, G. A., and G. Gompper, 2006a, “Forced crumpling of self-avoiding elastic sheets,” Nat. 
Mater. 5, 216. 
International Journal of Sensor Technology 6, 20 (2016) 
 
11 
 
[116] Vliegenthart, Gerard Adriaan, and Gerhard Gompper, 2006b, “Mechanical deformation of spherical viruses 
with icosahedral symmetry,” Biophys. J. 91, 834. 
[117] Vogel, V., and M. P. Sheetz, 2006, “Local force and geometry sensing regulate cell functions,” Nat. Rev. 
Mol. Cell Biol. 7, 265. 
[118] Vogel, V., and M. P. Sheetz, 2009, “Cell fate regulation by coupling mechanical cycles to biochemical 
signaling pathways,” Curr. Opin. Cell Biol. 21, 38. 
[119] von Wichert, G., B. Haimovich, G. S. Feng, and M. P. Sheetz, 2003, “Force-dependent integrin-cytoskeleton 
linkage formation requires downregulation of focal complex dynamics by shp2,” EMBO J. 22, 5023. 
[120] Wagner, H., and H. Horner, 1974, “Elastic interaction and phase-transition in coherent metal-hydrogen 
systems,” Adv. Phys. 23, 587. 
[121] Walcott, S., and S. X. Sun, 2010, “A mechanical model of actin stress fiber formation and substrate elasticity 
sensing in adherent cells,” Proc. Natl. Acad. Sci. U.S.A. 107, 7757. 
[122] Walcott, Sam, Dong-Hwee Kim, Denis Wirz, and Sean X. Sun, 2011, “Nucleation and decay initiation are the 
stiffness-sensitive phases of focal adhesion maturation,” Biophys. J. 101, 2919. 
[123] Kumar, S., 2012, “Fundamental limits to Moore’s law,” Stanford University, 
http://large.stanford.edu/courses/2012/ph250/kumar1/ 
[124] Wang, J. H. C., P. Goldschmidt-Clermont, J. Wille, and F. C. P. Yin, 2001, “Specificity of endothelial cell 
reorientation in response to cyclic mechanical stretching,”J. Biomech. 34, 1563. 
[125] Wang, J. H. C., and E. S. Grood, 2000, “The strain magnitude and contact guidance determine orientation 
response of fibroblasts to cyclic substrate strains,”Connect. Tissue Res. 41, 29. 
[126] Zemel, A., F. Rehfeldt, A. E. X. Brown, D. E. Discher, and S. A. Safran, 2010b, “Optimal matrix rigidity for 
stress-fibre polarization in stem cells,” Nat. Phys. 6, 468. 
[127] Zemel, A., and S. A. Safran, 2007, “Active self-polarization of contractile cells in asymmetrically shaped 
domains,” Phys. Rev. E 76, 021905. 
[128] Zeng, Y., A. K. Yip, S-K Teo, and K.-H. Chiam, 2012, “A three-dimensional random network model of the 
cytoskeleton and its role in mechanotransduction and nucleus deformation,” Biomechan. Model 
Mechanobiol. 11, 49. 
[129] Zhao, X. H., C. Laschinger, P. Arora, K. Szàszi, A. Kapus, and C. A. McCulloch, 2007, “Force activates 
smooth muscle alpha-actin promoter activity through the rho signaling pathway,” J. Cell Sci. 120, 1801. 
[130] Suhas, K., “Modelling Studies and Fabrication Feasibility with LTCC for Non-Conventional RF MEMS 
Switches,” 2007, IISC. 
[131] Ziebert, F., and I. S. Aranson, 2013, “Effects of Adhesion Dynamics and Substrate Compliance on the Shape 
and Motility of Crawling Cells,” PLoS One 8, e64511. 
[132] Ziebert, Falko, Sumanth Swaminathan, and Igor S. Aranson, 2012, “Model for Self-Polarization and motility 
of keratocyte fragments,” J. R. Soc. Interface 9, 1084. 
[133] Ziebert, Falko, and Walter Zimmermann, 2004, “Pattern formation driven by nematic ordering of assembling 
biopolymers,” Phys. Rev. E 70, 022902. 
[134] Zilman, A. G., and S. A. Safran, 2003, “Role of cross-links in bundle formation, phase separation and gelation 
of long filaments,” Europhys. Lett. 63, 139. 
[135] Zimmermann, Juliane, Claudia Brunner, Mihaela Enculescu, Michael Goegler, Allen Ehrlicher, Josef Kas, 
and Martin Falcke, 2012, “Actin filament elasticity and retrograde flow shape the Force-Velocity relation of 
motile cells,” Biophys. J. 102, 287. 
[136] Zuckerman, D., and R. Bruinsma, 1995, “Statistical mechanics of membrane adhesion by reversible 
molecular bonds,” Phys. Rev. Lett. 74, 3900. 
 
 
 
